This study reports an infectious case involving an NDM-1-producing Citrobacter freundii and further explored the potential threat of the bla NDM-1 gene by analysing the characteristics of the NDM-1-encoding plasmid sequence. A bla NDM-1 -positive C. freundii with high resistance to carbapenems was separated from a clinical patient suffering from a urinary tract infection. S1 nuclease-based plasmid analysis followed by Southern blot hybridization, a conjugation experiment and electrotransformation confirmed that the bla NDM-1 gene was located on a plasmid. High-throughput sequencing of the bla NDM-1 -postive plasmid (pCFNDM-CN) showed that it was a 54 kb IncX-type plasmid and contained a backbone region and a variable region with two b-lactamase genes (bla NDM-1 and bla ). The NDM-1 composite transposon in the variable region was surrounded by IS26 and IS5-truncated ISAba125, and shared a high sequence similarity to the bla NDM-1 surrounding structure in Acinetobacter spp. Our research suggested that the NDM-1 composite transposon might play an essential role in mobilization of the bla NDM-1 gene from Acinetobacter spp. to Enterobacteriaceae.
INTRODUCTION
Carbapenem resistance mediated by New Delhi metallo-blactamase has swept across the globe since 2009 (Yong et al., 2009; Kumarasamy et al., 2010; Struelens et al., 2010; Gupta et al., 2011) . Although many reports have shown that Enterobacteriaceae, mostly Klebsiella pneumoniae and Escherichia coli, are the most prevalent species producing NDM-1 carbapenemase in Europe and the USA (Kumarasamy et al., 2010; Ho et al., 2011; Pfeifer et al., 2011; Bonnin et al., 2012; Hu et al., 2012) , our previous studies showed that members of the genus Acinetobacter are the main agents carrying the bla NDM-1 gene in China (Chen et al., 2011; Fu et al., 2012) .
Recent studies on the bla NDM-1 gene have concentrated on epidemiological characteristics by analysing its encoding plasmids and transposon elements, and have indicated that there are usually two structural regions comprising bla NDM-1 plasmids: a backbone region and a variable region (Ho et al., 2011; Hu et al., 2012) . The backbone region includes a complete array of genes for replication, plasmid transfer, partition and stabilization, whereas the variable region contains a series of genes associated with antimicrobial resistance, which is responsible for the spreading of the resistant genes, including bla NDM-1 , among bacterial populations (Moellering, 2010; Ho et al., 2011; Hu et al., 2012) .
Plasmid typing methods based on replicons have been widely applied to understand the distribution of bla NDM-1 -harbouring plasmids. Using this method, some of the bla NDM-1 -positive plasmids have clearly been classified into different incompatibility (Inc) groups including IncA/C, IncFI/FII, IncL/M and IncHI1, but many others are still untypable, which means that the features of the bla NDM-1 -positive plasmids have not yet been recognized adequately (Carattoli et al., 2005; Kumarasamy et al., 2010; Poirel et al., 2011a; Solé et al., 2011; Walsh et al., 2011; Dolejska et al., 2013) . To overcome this limitation of methodology, plasmid sequencing is used as a complementary method, and can contribute more meaningful information, as well as revealing the potential threat of the bla NDM-1 gene.
In this research, we report a bla NDM-1 -positive Citrobacter freundii isolate in China, which was isolated from a patient suffering from a urinary tract infection. In order to revealUsing the results of the antimicrobial susceptibility, possible resistant genes were screened by PCR and sequencing, comprising extendedspectrum b-lactamase genes (bla PER-1 , bla TEM , bla CTX-M and bla SHV ), metallo-b-lactamase genes (bla NDM-1 , bla VIM , bla IMP and bla SIM ), the ampC gene and three qnr genes (qnrA, qnrB and qnrS), using the primers shown in Table 2 . Positive results were found for the bla NDM-1 , bla CTX-M-14 , qnrA, bla SHV-12 and bla CMY-48 genes ( Table 1) .
Determination of the bla NDM-1 -positive plasmid. Total bacterial DNA prepared in agarose plugs was digested with S1 nuclease and separated by pulsed-field gel electrophoresis as reported previously (Chen et al., 2011) . The DNA fragments were transferred to nylon membrane (Millipore), hybridized with a digoxigenin-labelled bla NDM-1 probe and detected using a nitro-blue tetrazolium/5-bromo-4-chloro-3'-indolylphosphate colour detection kit (Roche Applied Sciences). The bla NDM-1 -positive strain Acinetobacter junii ABC8415 was included as a positive control (Fu et al., 2012) .
A mating-out assay was performed between the C. freundii isolate as a donor and E. coli J53 (azide resistant) as a recipient. Transconjugants were selected on Mueller-Hinton agar incorporating ampicillin (50 mg l 21 ) and azide (200 mg l 21 ). Plasmid DNA was extracted using a Plasmid DNA Midi kit (Qiagen) and then electrotransformed into E. coli DH5a competent cells. The transformant was selected on Mueller-Hinton agar plates containing ampicillin (50 mg l 21 ) (Chen et al., 2011) . Both the transconjugants and the transformants were identified with a Vitek 2 system (bioMérieux), and MICs were determined using Etest strips and the presence of resistance genes was analysed by PCR.
High-throughput sequencing of the bla NDM-1 -positive plasmid.
The plasmid DNA was sequenced using HiSeq 2000 (Illumina) technology following the 26100 bp paired-end protocol. The derived reads were assembled using the Velvet program version 1.1 (Zerbino & Birney, 2008) . In order to avoid contamination from chromosomal DNA, only contigs with sequencing coverage .500 were reserved for the subsequent finishing. Gaps between contigs were closed by PCR.
Genome annotation was performed using the RAST (Rapid Annotation using Subsystems Technology) annotation website server (http://rast.nmpdr.org/rast.cgi). The BLASTX algorithm was further used to search for protein similarities (http://blast.ncbi.nlm.nih.gov/ Blast.cgi). The comparison of overall plasmid sequence was conducted using the Artemis Comparison Tool (ACT, release 11.0.0). Table 1 . Antimicrobial susceptibility pattern and molecular characteristics of the NDM-1-producing C. freundii SAM, ampicillin/sulbactam; TZP, piperacillin/tazobactam; CAZ, ceftazidime; FEP, cefepime; CTX, cefotaxime; CPS2/1, cefoperazone/sulbactam 2 : 1; IPM, imipenem; MEM, meropenem; CST, colistin; GEN, gentamicin; AMK, amikacin; TGC, tigecycline; MIN, minocycline; CIP, ciprofloxacin; ATM, aztreonam; NIT, nitrofurantoin; ND, not detected. 
RESULTS AND DISCUSSION
Enterobacteriaceae producing NDM-1 carbapenemases have spread widely throughout the world and represent a significant threat to public health. Although in China the bla NDM-1 gene has been detected mainly in Enterobacteriaceae isolates recovered from faecal samples or rectal swabs or in colonized K. pneumoniae, it has only rarely been identified in clinical patients with infectious disease (Wu et al., 2010; Ho et al., 2012) . We reported here that bla NDM-1 -positive C. freundii was isolated from a clinical infectious patient and have provided information on its genetic characteristics and epidemiological features by complete plasmid sequencing and comparative genomic analysis.
Since whole-genome sequencing was first applied to bla NDM-1 -positive plasmids, more than ten in Enterobacteriaceae and two in Acinetobacter spp. have been completed. They show different sizes ranging from 35.9 to 288.9 kb (Poirel et al., 2011b; Sekizuka et al., 2011) but present similar structures. The plasmids consist of a backbone structure enabling plasmid replication and transfer, and a variable region with the bla NDM-1 gene (Ho et al., 2011; Poirel et al., 2011b) . The plasmid detected in this study, named pCFNDM-CN, was 54 038 bp ( Fig. 2) and possessed 54 ORFs. It was composed of a 40 kb backbone region and a 14 kb variable region (Fig. 2) . Several conserved gene clusters were annotated in the backbone region, including a repB gene associated with replication and a series of pilX genes related to plasmid mobilization. The bla SHV-12 gene and the bla NDM-1 gene were found within the 14 kb variable region. In addition, insertion sequences (IS26, ISAba125 and IS5) and transposases (IS26-tnpA and tnpF) responsible for horizontal transfer were also in this region (Fig. 2) . There was a copy of IS26 inserted upstream of the bla NDM-1 , whilst downstream, ISAba125 was truncated by IS5, which produced a 4 bp (CTAA) direct repeat (DR) and a 12 bp inverted repeat (IR) (Fig. 2) . A series of conserved genes (tnpA-insE-groEL-cutA1-dsbC-trpF-bleo-bla NDM-1 ) was found in the structure of the NDM-1 composite transposon (8321 bp in size), which was surrounded by IS26 and ISAba125. The mean G+C content of the whole plasmid was 49.03 mol%, whereas in the NDM-1 composite transposon it was significantly higher (58 mol%) (Fig. 2) .
Previous research has shown that the NDM-1 composite transposon is usually surrounded by insertion sequences that are responsible for mobilization of the bla NDM-1 gene. These IS family members often provide species specificity, such as IS26, ISEc33 and ISSen occurring in Enterobacteriaceae, whilst ISAba125 is present in Acinetobacter spp. (Ho et al., 2011; Pfeifer et al., 2011; Poirel et al., 2011a) . In contrast to those plasmids harbouring a specific IS family, our plasmid had a composite transposon comprising both the Enterobacteriaceae IS family (IS26 and IS5) and Acinetobacter IS family (ISAba125) (Fu et al., 2012) . Further comparisons of the genetic structures surrounding the bla NDM-1 gene suggested that an intact transposon element (ISAba125-NDM-1 composite transposon-ISAba125) is similarly found in Acinetobacter spp., such as A. haemolyticus pABC7926 (GenBank accession no. JQ080305), Acinetobacter baumannii AB161/07 (GenBank accession no. JF949760) and Acinetobacter lwoffii pNDM-BJ02 (GenBank accession no. JQ060896), whereas the intact transposon element is often interrupted to form fragments with different sizes in E. coli and K. pneumoniae (Fu et al., 2012) . The NDM-1 composite transposon of pCFNDM-CN showed a high level of similarity (.95 %) to the above sequences of Acinetobacter spp, but had lost its upstream ISAba125 and was truncated at the downstream ISAba125 by IS5. All of the evidence above, including the G+C content variation, suggested that the segment enclosed by the insE gene and the truncated ISAba125 was probably introduced from Acinetobacter spp. (Fig. 2) .
The backbone of pCFNDM-CN presented great similarities to pIncX-SHV (GenBank accession no. JN247852; 96 % query coverage, 99 % maximum nucleotide identity), which originated from a K. pneumoniae strain, but showed some differences in the insertion site of the NDM-1 composite transposon. A 1516 bp fragment of pIncX-SHV was substituted by the fragment combined with the NDM-1 composite transposon and the IS5-truncated ISAba125 (Fig. 2) . This suggests that the IS26-NDM-1 composite transposon-ISAba125 region might mediate the gene transfer from Acinetobacter spp. to Enterobacteriaceae.
Our results support previous work indicating that the IncX-type plasmid cannot be classified successfully with the plasmid classification of Carattoli et al. (2005) based on incompatibility group. There is another method using phylogenetic comparison of the taxC gene developed by Johnson et al. (2012) , which could clearly identify most of the four different IncX subgroups (IncX1-IncX4). When it was applied to pCFNDM-CN, two of the reported IncX3 plasmids, pEC14_35 and pIncX-SHV, clustered together. Therefore, we suggest that the method of Johnson et al. (2012) could be used as a complement to identify those unidentified bla NDM-1 plasmids. The IncX plasmids are narrow host-range plasmids that are common in Enterobacteriaceae and possess diverse antimicrobial resistant genes such as bla TEM-52 , bla TEM-1 , bla SHV-11 , bla CTX-M-15 , bla KPC-5 and qnrS1, as well as aphA1 (Literak et al., 2010; Johnson et al., 2012) . When the NDM-1 composite transposon jumped from a plasmid of its ancient host, mostly probably Acinetobacter spp., to an IncX-type plasmid that could mediate resistance by spreading within Enterobacteriaceae interspecies, the bla NDM-1 gene produced a greater threat.
In addition, there are two isolates, Providencia rettgeri (GenBank accession no. JQ362415) and Enterobacter cloacae, that also carry IncX3-subtype plasmids encoding the bla NDM-1 gene in Guangzhou, China (C. Zhuo, personal communication, 2012) . Ho et al. (2012) also reported that IncX3-bla NDM-1 plasmids in Enterobacteriaceae are distributed in multiple areas around China, and they also sequenced an IncX3 plasmid (pNDM-HN380, GenBank accession no. JX104760.1). Although their samples were isolated from faecal samples or rectal swabs, their sequences presented high nucleotide similarity (.99 %) with ours (Ho et al., 2012) . Considering the close geographical distance and the increasing population migration between Guangzhou and Hong Kong, as well as the fact that our patient had gone to Guangzhou for an operation 1 year previously, this suggests that the above plasmids might originate from the same progenitor, and Characteristics of a bla NDM-1 plasmid that the NDM-1-producing Enterobacteriaceae from the stool might have contributed to the urinary tract infection. Therefore, a potential threat involving bla NDM-1 -positive IncX plasmids in Enterobacteriaceae isolates has appeared in China, and more attention should be devoted to monitoring the situation.
In summary, our study reports a clinical infection case that presents a potential threat to public health. By complete sequencing of the bla NDM-1 plasmid, we discovered that the NDM-1 composite transposon plays an essential role in the process of the bla NDM-1 gene transfer from Acinetobacter to Enterobacteriaceae. Those Enterobacteriaceae isolates carrying bla NDM-1 -positive IncX plasmids should raise public concern, because they have been reported in multiple areas in China. 
